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208-W TEM,o operation of a diode-pumped Nd:YAG rod laser
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208-W average-power TEMgo-mode cperation from a diode-pumped Nd'YAG rod laser was demonstrated. The
side-pumping method of generating a high-gain aberration-free rod, the bifocusing-compensation technique
with two identically pumped rods, and a suitable choice of beam spot size were empioyed in the design of
this laser. At the maximum pump power of 1.1 kW the fundamental transverse-mode operation (M* < 1.1) -
was characterized by 7.6% electrical efficiency. The extraction efficiency was almost 80% of full multimode
operation. Stable operation was obtained within a pump-power range of 15% of the maximum pump power.
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High-efficiency high-brightness operation of diode-
pumped solid-state lasers is attractive for the appli-
cations of material processing and remote sensing
and as a pump source for frequency conversien. In
recent years many high-average-power diode-pumped
solid-state lasers’? have been investigated.  One of
the topics in this field is how many watts of power
these lasers produce in the TEMg; mode. In the
high-average-power pumping condition a laser ma-
terial itself is optically and mechanically distorted
by power dissipated as heat. The optical losses in a
laser resonator that are caused by these distortions
prevent the laser from efficient operation in the TEMqqg
mode. Three factors limit the TEMy, output power for

" a Nd:YAG rod laser.

First, thermally induced spatial variation of the re-
fractive index in the Nd:YAG causes the laser rod to
act as a lens with a variable focal length. This creates
zones of stable TEMgy-mode operation. Thermally
induced stresses in the isotropic laser rod create bire-
fringence, and the cavity mode is split into two com-
ponents that are projected along the radial (r) and
the tangential (¢) azes. Stable TEMgy-mode opera-
tion can be achieved only in the pump-power range in
which the zones for the r- and the ¢-polarization modes
overlap. The overlap zone becomes narrow as the
TEMgo-mode radius in the rod becomes wide. Mur-
dough and Denman® demonstrated that the largest
TEMgo-mode radius that can be supported by a single
Nd:YAG rod is approximately 1.1 mm, independent of
the physical size of the rod. This maximum accepted
mode volume in the rod limits the extracted TEMgp out-
put power from the laser.

Second, deviation from uniform pump distribution
causes thermally induced optical aberration in the
rod. The transmitted and aberrated wave front from
the rod induces diffraction loss in the resonator. The
optical efficiency of the laser is essentially determined
by the ratio of round-trip optical loss to optical gain.
Compared with the increment of rod gain, which
is proportional to the pump power, the diffraction
loss that is caused by thermally induced aberration
increases more rapidly as the pump power increases.
The optical efficiency decreases according to the pump
power, and consequently the output power is limited.
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Third, the fracture strength of the rod places a limit
on how hard it can be pumped. This pump-power
limitation also limits the output power. Thus, the
reported output powers in the TEMgo mode have been
limited to the 100-W level.*

The first important task in overcoming the TEMgp
output power limitation is obtaining a suitable spot
size at the mode-selecting aperture of the laser rod for
the purpose of maxzimizing the beam overlap efficiency
and minimizing the rod edge-diffraction effect. The
separation of the stability zones of polarization modes
makes it diffieult to obtain an arbitrary spot size.
Thus, making the zones of the polarization modes iden-
tical is the key technology in overcoming this limi-
tation. The second important task is reducing the
influence of laser rod thermal aberrations that cause
diffraction loss in the resonator. Considering that the
optical efficiency is determined by the ratio of optical
loss to gain in the resonator, higher gain and lower

. aberrations relax the power limitation. Tidwell et al.*

used an aspheric lens to compensate for these aberra-
tions. However, the compensation is ideally dome at
a fixed pump power, and consequently the stable op-
eration range of the TEMgy mode is narrow. A pump
method that generates a uniform pump distribution in
the medium,® coupled with intense pumping of the thin
rod, is in our opinion the best approach to this problem.
Intense pumping of the thin rod generates high gain,
and a uniform pump distribution causes a radial para-
bolic temperature distribution, resulting in an ideal
lens without thermal aberration over a wide pumping
range.

Agcross section of a high-pump-power module that
realizes high gain and low aberration in the N&YAG
rod is shown in Fig. 1. Twelve 5-bar stacked diode
arrays with a cylindrical micrometer array (SDL-
3245-J5) with a fourfold symmetrical side-pumping
configuration were used. The total diode output
peak power was 2.75 kW, with an average power of
550 W. The pulse repetition rate was 1 kHz. For the
diode fast axis the output beams from the stacked diode
arrays were collimated individually by the eylindrical
microlens array and line focused by the aspheric
eylindrical lens. To minimize the focusing line thick-
ness we designed the focal length of the aspheric
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Fig. 1. Cross section of the high-pump-power low-

aberration pump module.

cylindrical lens to be 7 mm. The output power from
the stacked diode array was power combined in the slab
waveguide and then transported inside the diffused
pumping cavity through the slab waveguide.® The
aperture of the slab waveguide was rectangular, and
its width and thickness were 15 mm and 400 um,
respectively. The area of this aperture was only
3.7% of the surface area of the pumping-cavity inner

- wall. For the 12 stacked diode arrays the averaged

transport efficiency from diode output power to power
that was incident upon the diffused pumping cavity
was 87%. The maximum peak-power line density
was ~500 W/cm, with an average power line density
of 100 W/cm. The reflectivity of the pumping-cavity
inner wall, which is made of ceramic, was more than
97%. The circular symmetrical pump beams from
the slab waveguides were diffused by the cavity wall
and also by the cooling sleeve, which was made of
sapphire. The inner surface of the cooling sleeve
was ground-rough polished. These reflection- and
transmission-type diffusers generated a uniform
pump-beam distribution inside the laser rod. Finally,
the pump efficiency from the diode-laser output power
to the power absorbed by the laser rod was estimated
from the measured slope efficiency of full multimode
operation. Forrod diameters of 4 and 3 mm the pump
efficiencies were as high as 72% and 63%, respectively.

The fluorescence distribution, measured at the
rod end, was uniform at any pump-power level, and
an aberration-free laser rod was expected. To con-
firm this we measured the wave-front errors for a
non-lasing-pumped 3-mm-diameter rod, using a Zygo
MarkGPIxp interferometer. The ideal thermal lens
(parabelic wave-front error) was removed by use of a
defocused telescope, and the residual was removed by
mesns of signal processing. Because of the strong
ideal thermal lens we were able to remove the para-
bolic factor only up to the medium average pump
power of 230 W, which is less than half the maxi-
mum pumping power of 550 W. Figure 2 shows
the pump-power dependence of the peak-to-valley
(P-V) and the rms transmitted wave-front errors
normalized by the wavelength of 1.064 um. At the
pumping power of 230 W, the increment of rms trans-
mitted wave-front errors (thermal aberration, Ad)
ic less and 0.004A (230W). Then, at the maximum
pump power of 1.1 kW, which we obtained using two
pump modules, the cavity round-trip diffraction loss

caused by this thermal aberration is negligible, ie.,
4mAd)? ~ 1.44%.

To compensate for the thermal-bifocusing effect
of YAG, we considered using the birefringence-
compensating technique’ with two laser rods. A
quartz rotator set between the two laser rod changes
the polarization states (radial and tangential) and
averages the thermal-lens power for both components.
The most important factor in this compensation is that
the two laser rods are identically pumped. Figure 3
shows the average diode output-power dependence
of the average laser output power for single-module
systems {modules 1 and 2) and a dual-module system
(module 1 + module 2). Laser rods of 3-mm diameter
were placed in resonaters of 140-mm {one-rod configu-
ration) and 290-mm (two-rod configuration) length,
respectively. The output mirror reflectivity was
57.3%. As shown in Fig. 3, the slope efficiencies were
almost identical for single- and dual-module systems,
ie., 34.7%.

Using these pump modules, we demonstrated high
average TEMpy-mode operation. A schematic diagram .
of the symmetrical plane-plane oscillator is shown
in Fig. 4(a). The simulated shapes of the lager beam
in the resonator for both the radial and the tangen-
tial components at the highest pump power of 1.1 kW
are shown in Fig. 4b). The propagation of these
components is almost identical, and the output beam
is well decomposed in the TEMy, mode. To maximize
the beam overlap efficiency and minimize the diffrac-
tion effects at the laser rod aperture, we designed the
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Fig. 2. Single-pass wave-front distortion as a function of
diode output power.
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hesm radius at therod end to be 1714 ~3. 2 mm: of the
rod radius at the highest pump power. Two concave
lenses of 50-mm focal lenses were used for this purnpose.
The high gain of the laser rod aliowed us to use an
outpur mirror with 40% reflectivity,
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than 1.1. The optical and the electrical efficienciesy
wore 15.9% and 7.6%. respectively. The outpul heum
profile was well fitted to a Gaussian profile. us shown
in Fig. 6. The small deviation from the Gaussian pro-
file is considered to be caused by the low nonuniformicy
of the fourfold svmmetrical pumping configuration
The unpolarized TEMui-mode output power of 208 W
is almost 60% of the output power in full multimode
operation (M- ~ 30). TEMgo-mode stable operation
(AM* <7 1.51was obtained in the pump-power range 540—
1100 W 115% ofthe maximum pump power). This fact
surprised us. because the staple pump-power range
sxpected from stability analysis is only ~5% of the
meximum pump power. To explain this discrepancy.
researchers are stucving reduction of Lherma}. load-
ing under conditions of laser extraction.”™ We beliave
that rthis reduction of the thermal-focusing sffect en-
iarges the stable zone width: and this effect is atirac-
tive for TEMup-mode stable operation of Nd'YAG lasers.
In addition, although we have not obtained lineariy
polarized TEMp-mode operation with an intracavicy
volarizer. high-gain operation and birefringencs com-
pensation, which have the same configuration as bi-
focusing compensation. are believed to provide highly
efficient operation.

In summary. we have demonstrated what is to our
knowledge the highest TEMgy average output power
in the solid-state laser oscillator regime. An average
output power of 208 W was obtamed with an apti-
cal efficiency as high as 18.9%. The strategy that we
uged to design this laser was to develop a suiﬂ-pummno
method that generated a nigh-gain aberration-free rod,
smployv a two-ro¢ bifocusing-compensation technique.
and optimize the beam spot size at the maximum
pump power. As aberration-free high-gain laser rods
were realized. the output power limitation of TEMqg
mode was not seen at the power level that was ob-
cained. In addition, we obtained a very large stabie-
onsration: pump-power range of 15% of the maximum
UL power.
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